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ANIMALS regulate mitochondrial content to ensure that oxidative phosphorylation meets ATP demands. When demands change as a result of physiological, developmental, or environmental factors, tissues can alter mitochondrial content. In mammals, mitochondrial proliferation is triggered by exercise, electrical stimulation, cold exposure, and dietary restrictions (4, 24, 47, 69) . The regulatory cascade that changes mitochondrial content includes secondary messengers (e.g., cAMP and Ca 2ϩ ) and bioenergetic intermediates (e.g., AMP and NAD ϩ ), which are in turn sensed by a suite of specific proteins considered energy sensors: Ca 2ϩ /calmodulin-dependent protein kinase IV (CaMKIV), NAD ϩ -dependent deacetylase sirtuin-1 (SIRT1), AMP-activated protein kinase (AMPK), and p38 mitogen-activated protein kinase (p38MAPK) (23) . These sensors modulate the transcriptional regulators that affect the expression of genes encoding mitochondrial proteins. Central to this cascade is peroxisome proliferator-activated receptor-␥ coactivator-1␣ (PGC-1␣), considered to be a master regulator of mitochondrial biogenesis as a result of its ability to coactivate many of the transcription factors that regulate mitochondrial genes (16) . PGC-1␣ and its paralog PGC-1␤ localize to target genes by associating with DNA-binding proteins, interactions that can be antagonized by nuclear receptor interacting protein 1 (RIP140) (9, 22) . Transcription factors that bind PGC-1␣ directly or indirectly include nuclear respiratory factors (NRF) 1 and 2, host cell factor 1 (HCF1), retinoid X receptor ␣ (RXR␣), estrogen-related receptor ␣ (ERR␣), thyroid hormone receptor ␣-1 (TR␣-1), and peroxisome proliferator-activated receptors (PPARs). In mammals, PGC-1␣ and PGC-1␤ have overlapping responsibilities, binding many of the same transcription factors (35) . Each of these factors has been implicated in the control of mitochondrial gene expression (17, 23) , and this PGC-1 network is responsible for modifying mitochondrial content in response to diverse physiological and developmental cues.
Though all vertebrates possess a PGC-1␣ gene, its role appears to be different in fish (34) . In contrast to mammals, there is little evidence that PGC-1␣ participates in control of mitochondrial proliferation (33, 34) . Previous studies have shown that during cold acclimation, increases in mitochondrial enzyme activities and mRNA levels are typically accompanied by decreases in PGC-1␣ mRNA (6, 33, 43) . The paradoxical decreases may be related to loss-of-function mutations in the NRF-1 binding domain of PGC-1␣, which has experienced an accelerated rate of evolution and multiple serine-and glutamine-rich insertions (34) . In contrast to the cold-induced decreases in PGC-1␣ mRNA, PGC-1␤ transcript levels increase in cold-acclimated fish, suggesting that there might be a switch in the key regulator of mitochondrial biogenesis in fish (33) .
In addition to the uncertainty about the role of the PGC-1 coactivators in fish, few of the binding partners have been studied in the context of cold acclimation. NRF-1 mRNA tends to increase under conditions where increases occur in cytochrome c oxidase (COX) activity and/or COX subunit mRNA levels (6, 33, 43) . However, it is not known whether in fish NRF-1 mRNA levels reflect changes in NRF-1 nuclear content.
Likewise, apart from PPARs (39) few studies have explored in fish the transcript or protein levels of other PGC-1 binding partners that have been shown to influence mammalian mitochondrial gene expression, including NRF-2, HCF1, RXR␣, ERR␣, and TR␣-1.
In this study, we expand the analysis of muscle remodeling in fish to include the full breadth of transcription factors and regulatory proteins that intersect the PGC-1 axis. By using an integrative approach (enzyme activities, transcript levels, and protein levels), we identify what transcription factors play a dominant role in the control of muscle mitochondrial biogenesis in fish by taking changes in RNA and protein into account.
MATERIALS AND METHODS
Fish and experimental setup. Goldfish (Carassius auratus) were obtained from a wholesaler to the pet trade (Aleong's International, Mississauga, Canada) and kept in a 750-liter round (diameter: 132 cm; height: 75 cm), blue, plastic tank set up as a flow-through system in the animal care aquatic facility at Queen's University, Kingston, ON. The experiment was approved by the Queen's University Animal Care Committee (protocol no. 100143). The fish were fed commercial pellets (Wardley brand Premium Goldfish Medium) ad libitum and maintained at a 12-h:12-h light:dark photoperiod at 20°C for 6 wk before the experiment. Goldfish were then randomly separated into 750-liter flow-through tanks in two treatments of 13 individuals and maintained at the same feeding routine and photoperiod. The water temperatures were then changed at a rate of 1°C/day until the acclimation temperatures were reached (32 Ϯ 2°C and 4 Ϯ 1°C). For the warm treatment the final temperature was achieved by changing the cold (ϳ13°C) and warm (ϳ35°C) water inflow. For the cold treatment, a chiller (Frigid Units, Toledo, OH) was used along with sparse cold (ϳ13°C) water inflow to maintain a flow-through system. After final temperatures were reached, an additional 33-day acclimation period passed before the fish were euthanized in a 2-liter solution of 0.4 g/l tricaine methane sulfonate (MS-222, Syndel Laboratories, Qualicum Beach, Canada) and 0.8 g/l NaHCO 3. Morphometric data, including masses and fork lengths of the fish, were taken before sampling to calculate Fulton condition factors (K ϭ W/L 3 ) where K is Fulton's condition factor, W is the weight of the fish in grams, and L is the length in centimeters (here fork length) (50) . For body comparisons between acclimation groups, the Bonferroni-corrected significance level P Յ 0.0167 (0.05/3) was used since all three are correlates of body metrics. Fish did not differ (U ϭ 21, P ϭ 0.028) in masses between the two acclimation groups (42.1 ϩ 13.5 g for the warm treatment and 60.2 ϩ 15.8 g for the cold treatment), whereas individuals from the warm treatment were slightly smaller (U ϭ 18, P ϭ 0.016) in fork length (11.4 ϩ 1.0 cm) than those of the coldacclimated group (13.2 ϩ 1.0 cm). However, this had no significant impact (t ϭ Ϫ1.76, P ϭ 0.096) on the condition factors between the warm (K ϭ 0.0273 ϩ 0.002) and cold acclimation group (K ϭ 0.0247ϩ 0.002). White muscle was then immediately dissected from the epaxial muscle below the dorsal fin, but above the lateral line, flash frozen in liquid nitrogen and stored at Ϫ80°C.
COX activities. For the COX extraction, white muscle samples were powdered under liquid nitrogen. Tissue (40 -70 mg) was homogenized in 20 vol of cold extraction buffer (25 mM K 2HPO4, 1 mM EDTA, 0.6 mM lauryl maltoside, pH 7.4) using a 7-ml Tenbroeck tissue grinder (Wheaton Industries, Millville, NJ). Homogenates were not centrifuged and were mixed by inverting before enzyme measurements. The enzyme activity was determined spectrophotometrically (Molecular Devices, Sunnyvale, CA) at 550 nm and 25°C on 96-well plates (Corning, Corning, NY) using an assay buffer (25 mM K 2HPO4, 0.6 mM lauryl maltoside, pH 7.4) and reduced cytochrome c (0.05 mM) as substrate and an extinction coefficient of 28.5 mM Ϫ1 cm Ϫ1 . Cytochrome c was reduced by adding the equivalent molar weight of ascorbic acid to oxidized cytochrome c; then, reduced cytochrome c was dialyzed exhaustively in 25 mM K 2HPO4 (pH 7.4) and frozen in aliquots at Ϫ80°C. Reactions were run as follows: 2-5 l of homogenate were added to the microplate warmed to 25°C. Prewarmed assay mix (250 l) was added to each well, and reactions were followed for 2 min. Slopes were taken over a time period during which cytochrome c concentration declined by less than 10%, typically over the first 60 -90 s. All 10 samples per acclimation group were measured in triplicate. RNA analyses. RNA was isolated from a known amount of powdered white muscle using a slight modification of the single-step method by guanidinium thiocyanate-phenol-chloroform extraction (8) . The purified RNA pellet was dissolved in diethylpyrocarbonate (DEPC)-treated water and quantified spectrophotometrically at 260 nm before storage at Ϫ80°C. The total RNA per gram tissue was estimated from the amount of white muscle starting material and the RNA recovery. This enabled us to express the relative amounts of mRNA per gram tissue, permitting direct comparison between other parameters (e.g., COX activity/g wet tissue). Additionally, absorbance was measured at 270 and 280 nm to assess phenol and protein contaminations, respectively. Samples had an average 260:270 ratio of 1.42 (SD 0.03) and an average 260:280 ratio of 2.04 (SD 0.06). The removal of genomic DNA and reverse transcription of RNA were carried out by using the QuantiTect Reverse Transcription Kit (Qiagen, Mississauga, Canada) according to the manufacturer's instructions (using 1 g RNA/reaction).
Transcript levels were determined on an ABI 7500 Real Time PCR System (Foster City, CA) using the following protocol: 1 cycle of 10 min at 95°C followed by 40 cycles of 15 s at 95°C, 15 s at the primer set specific annealing temperature (Table 1 ), and 34 s at 72°C as elongation stage. The efficiency of each primer set was determined in real-time PCR with an appropriate dilution series of cDNA before the sample analyses. Average primer set-specific efficiencies (49) were E ϭ 2.1 (SD 0.14). Samples were assayed in duplicates in 25-l reactions containing 12.5-100 ng cDNA (depending on the gene), 0.58 M primers, and GoTaq PCR Master Mix (Promega, Madison, WI). No-template controls were run with water in place of cDNA to ensure the absence of contamination. Results were analyzed according to the ⌬C t method using, ␤-actin and EF1␣ as housekeeping genes with their calculated geometric mean for each sample as standardized Ct (44) . Gene-specific real-time PCR primers for all transcripts but COX4-1, NRF-1, PPAR␣, and ␤-actin were either constructed after larger amplicons were generated from consensus primers based on multiple species or were based on published goldfish sequences. For primers that were constructed based on consensus sequences, amplicons were cloned and sequenced to ensure targeting the correct gene. Sample sizes for all genes were between 7 and 10 for each acclimation group with subsets of samples being random.
Protein levels. Protein analyses were conducted using nuclear extracts, with five randomly chosen samples per acclimation group run in parallel for each target protein. Preliminary Western blots were run with rodent samples to ensure that the antibodies (directed to mammalian epitopes) identified corresponding bands in both mammals and fish. Rodent samples were obtained from material archived from previous studies (29) .
Nuclear protein fractions were extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, Ottawa, Canada). We weighed the amount of starting material used for nuclear extraction. This in combination with the yield allowed us to estimate nuclear protein content per gram wet tissue.
Proteins in nuclear extracts were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). Gels (10% acrylamide) were run at 160 V in a standard running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). Before the transfer, the gel was given 5 min to equilibrate in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH 8.3). Then proteins were transferred to polyvinylidene fluoride (PVDF) Immobilon-P membranes (Millipore, Billerica, MA) that were soaked in 100% methanol for 5 min before usage. The wet, electrical transfer was carried out at 4°C and constant 100 V for 1.25 h on a stir plate to ensure even heat distribution within the chamber. Thereafter, the transferred proteins were visualized using Ponceau-S red and the gel was stained with Coomassie blue to verify efficient transfer. After the transfer, the membrane was blocked with 5% milk/TBST (20 mM Tris, 137 mM NaCl, 0.1% Tween-20, pH 7.6) under steady agitation using an orbital shaker (ϳ60 rpm) at 4°C overnight and probed with primary antibodies for 4 h at 4°C. The specific primary antibody dilutions were as follows: NRF-1 (Abcam, ab34682) 1:4,000; NRF-2␣ (Santa Cruz, sc-22810) 1:2,500; NRF-2␤1/2 (Santa Cruz, sc-28684X) 1:5,000; ERR␣ (Santa Cruz, sc-66882) 1:4,000; RXR (Santa Cruz, sc-831) 1:4,000; TR␣/␤ (Santa Cruz, sc-772) 1:4,000, and histone H3 (Abcam, ab1791) 1:1,000. So far, anti-PGC-1␣, anti-PGC-1␤, and anti-RIP140 antibodies targeted the proteins in mammalian species but not in goldfish.
The secondary antibody was the ImmunoPure goat anti-rabbit horseradish peroxidase (HRP)-conjugated antibody (no. 31460; Thermo Fisher Scientific, Ottawa, Canada) used at a 1:10,000 dilution for 1 h at room temperature under steady agitation using an orbital shaker (ϳ60 rpm). After each probing was completed, the membrane was washed six times for 5 min in TBST. Target proteins were visualized via a chemiluminescent HRP substrate (Millipore) according to the manufacturer's protocol on the Cell Biosciences FluorChem HD2 system (Santa Clara, CA).
Bands were analyzed using the band analysis tool of the AlphaView Software 3.2.2.0 (ProteinSimple, Santa Clara, CA). Target protein band intensities were corrected for the housekeeping protein histone H3 band intensities (probed for on the same blot as the respective target protein without stripping) and shown as relative values to the warm acclimation group.
The relative levels of mRNA and protein were each expressed relative to traditional denominators: mRNA per total RNA, corrected by mRNA for housekeeping genes, protein per nuclear protein, corrected by histone H3 levels. The estimates of yield for each individual enabled us to express each parameter per gram tissue. However, since the goal of the purification was to obtain pure product (RNA, protein) rather than maximal yield, we consider values for yield to be estimates. Nonetheless, the approach allows us to directly compare COX activities, mRNA and protein levels per gram wet tissue.
Statistics. All statistical analyses were conducted using STATIS-TICA (StatSoft, Tulsa, OK). First, heteroscedasticity between both acclimation groups as well as normal distribution for each acclimation group was tested for each parameter (morphometric data, enzyme activities, and mRNA levels) by using the Brown and Forsythe and Shapiro-Wilk's test, respectively. Based on the results, for parameters with equal variances between acclimation groups and displaying normal distributions for both acclimation groups the t-test was used to test for differences between means of the acclimation groups. For parameters with either unequal variances between acclimation groups and/or nonnormal distributions of one or both of the acclimation groups, the Mann-Whitney U test was used to test for differences between medians of the acclimation groups. For the comparison of protein levels between acclimation groups we used the Mann-Whitney U test due to the small sample size (n ϭ 5). The significance level for all analyses was set at ␣ ϭ 0.05. Results are plotted as arithmetic means ϩ 95% confidence intervals (95% CI) relative to the warm acclimation group. The transcript levels expressed per total RNA and the nuclear protein levels corrected by histone H3 levels are shown in Figs. 1 and 2 , respectively. Figure 3 displays the COX activities, transcript, and protein levels per gram wet tissue.
RESULTS

Yield
COX activity and transcript patterns. Of the two acclimation temperature conditions of 32°C and 4°C, white muscle COX activity was 4.5-fold higher (U ϭ 5, P ϭ 0.001) in the cold-acclimated fish (Fig. 3) . Absolute COX activity levels for the warm and cold acclimation groups are 0.86 (SD 0.26) U/g fresh weight and 3.79 (SD 1.24) U/g fresh weight, respectively. The mRNA levels of subunit COX4-1 of this enzyme complex paralleled this trend, 3.5-fold higher in cold-acclimated fish ( Fig. 1 , U ϭ 8, P ϭ 0.001). The COX4-1 mRNA levels per gram wet tissue were 6.5-fold higher in cold-acclimated fish (Fig. 3 , U ϭ 0, P ϭ 0.0002). Among the two transcriptional coactivators, PGC-1␣ transcript levels were 75% lower in cold-acclimated fish (U ϭ 4, P ϭ 0.009), whereas the mRNA levels of PGC-1␤ were 3.5-fold higher (U ϭ 10, P ϭ 0.002). In the mRNA per gram wet tissue cold versus warm comparison, PGC-1␣ did not differ (t ϭ Ϫ1.81, P ϭ 0.096), whereas PGC-1␤ was 8-fold higher in the cold-acclimated fish (U ϭ 0, P ϭ 0.0002) (Fig. 3) . The transcript levels of the PGC-1␣ antagonist RIP140 did not differ (Fig. 1, t ϭ 1.58 , P ϭ 0.143) between the two temperature states when expressed per RNA but increased 3.5-fold (t ϭ 2.92, P ϭ 0.014) when expressed per gram wet tissue (Fig. 3) .
Of the DNA-binding proteins ( Fig. 1) , cold-acclimated fish had higher mRNA levels of NRF-1 (2-fold; U ϭ 20, P ϭ 0.023), HCF1 (2-fold; t ϭ 2.53, P ϭ 0.026), and NRF-2␣ (2-fold; U ϭ 18, P ϭ 0.027).
For the remaining DNA-binding proteins (Fig. 1) , transcripts showed either no difference (NRF-2␤-2, U ϭ 16, P ϭ 0.475; RXR␣, t ϭ 0.448, P ϭ 0.662; ERR␣, t ϭ 0.63, P ϭ 0.539, and PPAR␤/␦, t ϭ 0.79, P ϭ 0.444) or were 50 -60% lower (TR␣-1, t ϭ Ϫ4.28, P ϭ 0.001, and PPAR␣, U ϭ 9, P ϭ 0.048) in cold-acclimated fish.
Taking into consideration the RNA yield, we were able to estimate transcript levels per gram tissue. Those transcription factors that were higher in cold-acclimated animal when ex- Fig. 1 . Relative transcript levels of target genes in white muscle. Results are displayed as relative values per total RNA (arithmetic mean ϩ 95% CI) of the cold-acclimated fish (closed bars) to the warm-acclimated fish (open bars). Sample sizes for the warm/cold acclimation group were as follows (P values of statistical tests, t-test, or Mann-Whitney U test) between means/medians of acclimation groups are given in parentheses: COX4-1 (P ϭ 0.001), NRF-1 (P ϭ 0.023), PGC-1␤ (P ϭ 0.002), NRF-2␤-2 (P ϭ 0.475), 10/10; PGC-1␣ (P ϭ 0.009), HCF1 (P ϭ 0.026), ERR␣ (P ϭ 0.539), TR␣-1 (P ϭ 0.001), PPAR␣ (P ϭ 0.048), PPAR␤/␦ (P ϭ 0.444), RXR␣ (P ϭ 0.662), 7/7; NRF-2␣ (P ϭ 0.027), 9/10; RIP140 (P ϭ 0.143), 6/7. *Significant differences (P Յ 0.05) between means/medians of the acclimation. See text for definitions of abbreviations. . P values of the Mann-Whitney U test between medians of acclimation groups are NRF-1, P ϭ 0.009; NRF-2␣, P ϭ 0.602; NRF-2␤1/2, P ϭ 0.076; ERR␣, P ϭ 0.251; TR␣, P ϭ 0.251; RXR␣, P ϭ 0.028. *Significant differences (P Յ 0.05) between medians of the acclimation groups. pressed per RNA were even more elevated when expressed per gram tissue (Fig. 3) : NRF-1: 5-fold, U ϭ 4, P ϭ 0.001; HCF1: 4-fold, U ϭ 1, P ϭ 0.003; and NRF-2␣: 4-fold, U ϭ 2, P ϭ 0.0004. Each of the DNA-binding proteins that showed no response when expressed per RNA, became significantly greater in the cold-acclimated fish when expressed per gram wet tissue (Fig. 3) : NRF-2␤-2: 3-fold, U ϭ 5, P ϭ 0.022; RXR␣: 2.5-fold, U ϭ 7, P ϭ 0.025; ERR␣: 2.5-fold, t ϭ 2.27, P ϭ 0.042, and PPAR␤/␦: 2.5-fold, t ϭ 4.45, P ϭ 0.001. TR␣-1 was still significantly lower in cold-acclimated fish when expressed as mRNA per gram wet tissue (Fig. 3 , t ϭ Ϫ2.27, P ϭ 0.043), but PPAR␣ did not differ between acclimation groups when expressed relative to gram wet tissue (Fig.  3 , t ϭ Ϫ0.36, P ϭ 0.727).
Protein levels. The analysis of the housekeeping protein histone H3 showed no significant difference between the two acclimation groups for each of the target protein blots (Table 2) . Immunoblot analyses showed a 9.5-fold higher NRF-1 nuclear protein content in cold-acclimated fish (U ϭ 0, P ϭ 0.009) (Fig. 2A) . We saw no significant difference in protein levels of NRF-2, regardless of whether the antibody was directed to NRF-2␣ (Fig. 2B , U ϭ 10, P ϭ 0.602) or NRF-2␤1/2 (Fig. 2C , U ϭ 4, P ϭ 0.076). No differences were detected in the levels of ERR␣ (Fig. 2D , U ϭ 7, P ϭ 0.251) or TR␣ (Fig. 2E , U ϭ 7, P ϭ 0.251), and RXR␣ nuclear protein levels were lower in cold-acclimated fish (Fig. 2F , U ϭ 2, P ϭ 0.028).
When the immunoblot analyses were expressd per gram tissue, taking into account differences in nuclear protein yield, the same pattern emerged. Of the transcription factors examined, only NRF-1 increased significantly (Fig. 3 , U ϭ 0, P ϭ 0.009). Others were either lower in cold-acclimated fish or did not differ. Relative to warm fish, cold-acclimated fish had lower mass-specific levels of NRF-2␤1/2 (U ϭ 2, P ϭ 0.028), TR␣ (Fig. 3 , U ϭ 0, P ϭ 0.009), and RXR␣ (Fig. 3 , U ϭ 0, P ϭ 0.009). There were no differences in the mass-specific levels of NRF-2␣ (U ϭ 5, P ϭ 0.117) or ERR␣ (U ϭ 4, P ϭ 0.076). In contrast, RXR␣ nuclear protein levels were 30% lower in cold-acclimated fish when expressed relative to histone H3 levels (Fig. 2F , U ϭ 2, P ϭ 0.028) and 60% lower when expressed per gram wet tissue (Fig. 3 , U ϭ 0, P ϭ 0.009).
DISCUSSION
Mitochondrial biogenesis is a very well-studied phenomenon in many fish species undergoing low temperature regimes: cold acclimation causes increases in mitochondrial content, expressed either as enzyme activities, inner membrane surface area, or mitochondrial volume density (21) . Though the underlying trigger for this change remains unclear, the more proximate mechanisms by which muscles induce mitochondrial biogenesis are becoming better understood (54) . Parallels between mechanisms of mitochondrial proliferation in fish and mammals are complicated by uncertainty about the role of PGC-1␣, which is a master regulator of the process in mammals. In this study, we explored the patterns in the PGC-1␣ . Sample sizes for the warm/cold acclimation group were the same as displayed in Fig. 1 , for COX it was 10/10. P values of statistical tests (t-test or Mann-Whitney U test) between means/medians of acclimation groups are the following: COX activity, P ϭ 0.001; transcript levels: COX4-1, P ϭ 0.0002; PGC-1a, P ϭ 0.096; PGC-1␤, P ϭ 0.0002; RIP140, P ϭ 0.014; NRF-1, P ϭ 0.001; HCF1, P ϭ 0.003; NRF-2␣, P ϭ 0.0004; NRF-2␤-2, P ϭ 0.022; ERR␣, P ϭ 0.042; TR␣-1, P ϭ 0.043; PPAR␣, P ϭ 0.727; PPAR␤/␦, P ϭ 0.001; RXR␣, P ϭ 0.025; for protein levels: NRF-1, P ϭ 0.009; NRF-2␣, P ϭ 0.117; NRF-2␤1/2, P ϭ 0.028; ERR␣, P ϭ 0.076; TR␣, P ϭ 0.009; RXR␣, P ϭ 0.009. See text for definitions of abbreviations. *Significant differences (P Յ 0.05) between means/medians of the acclimation groups. network of transcriptional regulators to explain why cold acclimation leads to increases in the activity of COX, an indicator of mitochondrial biogenesis. As in previous studies on fish (6, 13, 33) , mRNA for COX4-1 was elevated in cold-acclimated goldfish (Fig. 1) , consistent with a transcriptionally induced increase in COX activity (Fig. 3) . Transcriptional regulators. PGC-1␣ is considered a master regulator of mitochondrial biogenesis in mammals due to its ability to influence expression of suites of genes required for synthesis of mitochondrial proteins. Recent studies have revealed the complexity of this pathway involving coactivators (PGC-1␣ and PGC-1␤) and corepressors (e.g., RIP140) (23) . In its activated form, PGC-1␣ regulates genes that encode proteins involved in oxidative phosphorylation and mitochondrial DNA transcription and replication (53) . On the other hand, its paralog PGC-1␤ shows distinct functions but may be of equal importance for the control of mitochondria (18, 26, 31, 59) . Recent findings revealed the induction of PGC-1␤ during skeletal muscle cell differentiation and its functional interaction with NRF-1 and ERR␣ under those conditions, leading to elevated mitochondrial respiration (58) . As in previous studies (6, 33) we find little evidence of a role for PGC-1␣ as a regulator of mitochondrial biogenesis in fish. In contrast, PGC-1␤ transcript levels parallel COX4-1 transcript levels ( Fig. 1 ) and both correlate with COX activity when each is expressed per gram wet tissue (Fig. 3) . This pattern of marked increases of PGC-1␤ mRNA levels accompanying COX activity increases was previously observed in other fish species (6) and studies (33) . Together, our results support a switch from PGC-1␣ to PGC-1␤ as the master regulator in fish. PGC-1 activity is also influenced by the nuclear receptor corepressor RIP140. Like the PGC-1s, RIP140 interacts with many DNA-binding proteins, but in contrast it recruits proteins that inhibit transcription (9) . However, some caution is warranted when considering the control of PGC-1 and RIP140, given the extent to which these regulators are regulated posttranslationally. PGC-1␣ and PGC-1␤ can be regulated by phosphorylation (p38MAPK, AMPK), methylation (protein arginine N-methyltransferase 1, PRMT1), acetylation (general control of amino-acid synthesis 5, GCN5), and deacetylation (Sirtuin 1, SIRT1) (7, 28, 48, 61) . PGC-1␣ and RIP140 are also reciprocally regulated by methylation (PRMT1) (41, 61) . Nonetheless, it is difficult to argue the master regulator role for PGC-1␣ in mitochondrial proliferation when the PGC-1␣ transcript levels do not follow the pattern of COX activity at all.
In mammals, PGC-1␣, PGC-1␤, and RIP140 have been shown to interact with overlapping groups of DNA-binding proteins including NRF-1, NRF-2 (through HCF1), RXR␣, ERR␣, TR␣-1, and PPARs (10, 54). It has not been shown if any or all of these interactions also occur in fish, and thus we found it prudent to analyse each of them.
DNA-binding proteins: NRFs. Early studies searching for mechanisms of coordination of mitochondrial biogenesis identified NRF-1 and NRF-2 elements in multiple genes encoding mitochondrial proteins (53) . RNAi treatments targeting either NRF-1 (11) or NRF-2 (42) cause dramatic reductions in transcript levels for all nuclear-encoded COX subunits, suggesting these DNA-binding proteins are central to the coordination of mitochondrial genes. Though there is no direct evidence that in fish NRF-1 or NRF-2␣ binds the COX4-1 promoter, there is a striking parallelism between NRF-1 and COX: in cold-acclimated fish, NRF-1 mRNA is 2-fold greater (Fig. 1) , its nuclear protein content 9.5-fold greater ( Fig. 2A) , COX4-1 mRNA 3.5-fold greater (Fig. 1) , and COX activity 4.5-fold greater (Fig. 3) . Adjusting all three parameters to the same denominator of gram wet tissue made this parallelism even more pronounced, with 4.5-fold higher COX activity, 6.5-fold greater COX4-1 mRNA, 4.5-fold higher NRF-1 mRNA, and a 5.5-fold greater NRF-1 nuclear protein content (Fig. 3) .
NRF-2, also known as GA-binding protein, functions as a heterotetramer of two NRF-2␣/NRF-2␤ heterodimers. PGC-1␣ and PGC-1␤ do not bind NRF-2␤ directly but use HCF1 as a linker protein (35, 52) . Initial analyses showed that coldacclimated fish had slightly higher levels of mRNA for HCF1 (50%) and NRF-2␣ (2-fold) and no change in NRF-2␤ transcript levels (Fig. 1) ; no change was seen in NRF-2 nuclear protein levels (Fig. 2, B and C) . However, when expressing the mRNA and protein levels to the same denominator (per g wet tissue) the picture changes. The transcript levels of all three genes, NRF-2a, NRF-2␤-2, and HCF1, were significantly elevated with cold acclimation (Fig. 3) , suggesting a transcriptional activation. However, NRF-2 protein levels were unaffected by thermal acclimation, arguing against a role for NRF-2 in thermal remodeling (Fig. 3) . The incongruity between RNA and protein suggests a potential role for posttranscriptional control of the NRF-2 members (27, 60) .
DNA-binding proteins: ERR␣, TR␣-1, PPARs, and RXR␣. PGC-1␣ is an important coactivator for nuclear receptors (NR).
Typically, these DNA-binding proteins heterodimerize on elements of target genes where they are inactivated when bound to corepressors and in the absence of their ligand but are activated upon binding of ligands and thus initiate the transcription of the downstream target gene. In each case, ligands induce conformational changes of the receptor and thus influence the efficacy of these DNA-binding proteins. Orphan receptors, such as ERR, have no known natural ligand (25) .
Though each of these NRs has been implicated in studies associated with enhanced mitochondrial biogenesis, we found no clear evidence that any of these factors plays a role in fish thermal remodeling on the transcript and protein level. It is important to acknowledge the caveat that changes in ligand levels may allow these receptors to play a role in regulation, independent of changes in receptor levels. With this caveat in mind, our arguments use changes in receptor RNA and protein to assess the potential role for these transcription factors in mitochondrial biogenesis. In this regard, the molecular mechanisms that mediate change under short-term challenges may differ from those involved in acute responses, where changes in ligands are important.
ERR␣ is very well characterized for its diverse and extensive role in controlling mitochondrial biogenesis (12, 64) . It is functional as a monomer or as a dimer. Though it does not require a natural ligand, synthetic ligands are able to influence its ability to bind coactivators and corepressors (20) . As with PGC-1, ERR can be controlled by posttranscriptional mechanisms, including acetylation (67) . ERR is able to bind either PGC-1␣, activating transcription of energy metabolism-related genes, or RIP140, repressing the same genes (46, 56) . It works with PGC-1␣/␤ to regulate PGC-1␣, NRF-1, NRF-2␣, TR␣, and PPAR␣ as well as itself (23, 55, 62, 64) . Despite its role in mammals, we saw no clear indication of a role in temperature-induced remodeling of fish muscle. There were no changes in either ERR␣ transcripts (Fig. 1) or nuclear protein (Fig. 2D) relative to RNA and histone H3 levels, respectively. However, when plotted per gram wet tissue, there was significant increase in mRNA levels after cold acclimation; however, this transcription response was not mirrored by a change in ERR nuclear protein content (Fig. 3) .
Thyroid hormone receptors differ from ERR␣ in two ways: the natural ligands are well known (T3) and they form heterodimers with the retinoic acid receptor (RXR) before the induction of the target gene transcription (38) . TR␣-1, the dominant paralog in muscle (5, 63) , is a very important link between the nuclear and the mitochondrial genomes in the context of mitochondrial biogenesis. It regulates genes directly involved in mitochondrial metabolism (45, 66) but also the transcription of NRF-1 and NRF-2␣ (51, 65). This pathway is known to be important in mammals and other tetrapods (57) , particularly in relation to cold exposure-induced mitochondrial proliferation. Fish certainly use thyroid hormone to regulate homeostatic properties, development, and adaptive remodeling (e.g., smoltification). The fish thyroid hormone receptors show high sequence homology to other vertebrates (15, 36) . However, there is little indication from our data that TR␣-1 plays a role. Surprisingly, we found that cold acclimation caused significant reductions by 60% and 30% in TR␣-1 transcripts when expressed relative to RNA and gram wet tissue, respectively, without a consequence to TR␣ nuclear protein levels (relative to histone H3) but with a significant 60% drop in protein levels per gram wet tissue. These overall patterns argue against a role for thyroid hormone in mediating cold-induced muscle mitochondrial biogenesis in fish. We did not assess the potential role of changes in levels of thyroid hormone, which could exert effects independent of receptor levels, but reductions in both RNA and protein levels argue against a role for this axis in cold-induced mitochondrial biogenesis.
Like TR, PPARs form heterodimers with RXR. They are ligand regulated, responding to diverse lipid intermediates (14) . Also, PPARs are predominantly localized in the nucleus, whether active or inactive (3). PPAR␣ is mainly involved in the control of the ␤-oxidation in liver, heart, muscle, and kidney (1), whereas PPAR␤/␦ is present in many tissues but most abundant in brain, adipose tissue, skin and skeletal muscle (14) . In muscle, PPAR␣ and PPAR␤/␦ regulate the levels of enzymes in ␤-oxidation, thus influencing fuel preference of this tissue (14) . In this study, we found no evidence of a role for PPAR␣ in cold-induced mitochondrial biogenesis: its transcript levels decreased (relative to total RNA) (Fig. 1) or did not change (expressed per g tissue) (Fig. 3) . PPAR␤/␦ levels on the other hand remained unchanged or even increased significantly after cold acclimation (Figs. 1 and 3) .The trends seen in the transcript levels expressed per RNA are in agreement with results seen in zebrafish skeletal muscle (40) , whereas in the antarctic eelpout undergoing thermal acclimation the inverse is seen in both PPAR␣ and PPAR␤/␦ in liver tissue (68) , and yet, the expression per gram wet tissue puts the context of control into a new perspective. The wide diversity of ligands of the PPARs turns their role in mitochondrial biogenesis into a complex network making it difficult to narrow it down under our tested conditions. Besides the nature of ligands, their quantity is also crucial in the activation of PPARs (30).
The NR studied here work by heterodimerizing with retinoid X receptors (RXR␣, ␤, and ␥), which are activated by vitamin A metabolites, such as 9-cis-retinoic acid (37) . RXR activity is also regulated by ligand availability; the receptors remain as inactive tetramers in the absence of a ligand but dissociate when a ligand is available (19) . Retinoic acid/RXR can play a role in muscle development (32) , but its contribution to various signaling pathways due to its interaction with many NRs covers many tissues and even gave it the term of a master regulator (2) . Although these receptors are obligate binding partners of PPARs and TRs, their role and regulation in the context of energy metabolism is less studied. For example, it is not known if RXR regulation contributes to control of mitochondrial proliferation through effects usually assigned to PPARs and TRs. In muscle, where RXR␣ is highly expressed (37), we saw no change in its transcript levels expressed per RNA (Fig. 1) but a significant increase in mRNA per gram wet tissue (Fig. 3) , whereas a significant decrease in the RXR␣ content in the nuclear protein fraction during cold acclimation was seen irrespective of the denominator (Figs. 2F and 3) .
Overall, none of the NRs appear to change in ways that are consistent with a role in thermal remodeling. Whether changes in ligands can override reductions or lack of changes in receptor remains to be determined.
Significance of changes in RNA and nuclear protein per gram tissue. Most studies of RNA and protein rely on the conventional denominators incorporated into the analyses (total RNA or total protein). We reevaluated our results taking into consideration the changes in the denominators for each of these indices. This permits us to estimate changes in our targets of interest expressed per gram tissue, enabling a more robust comparison to enzyme activity per gram tissue. Notwithstanding, a caveat about the accuracy of our RNA and protein yield measurements, the differences in RNA and protein per gram tissue have profound influence on several of our conclusions. The transformation strengthens some arguments (i.e., a role for NRF-1) and points out some unexpected patterns. For example, it is commonly held that changes in NR activity are driven by ligands. While this is likely the case for acute responses, the nature of regulation under long-term acclimation/acclimatization is less certain. In this study, we were surprised to find a marked disconnect between changes in transcript levels and nuclear protein content. Furthermore, this incongruity became evident only after consideration of RNA per gram tissue and nuclear protein per gram tissue. With cold acclimation in particular, it is difficult to assess the relative importance of factors such as general stability of RNA and protein, which may contribute to changes in the respective denominators.
Perspectives and Significance
The study of the thermal response of fish provides an interesting alternative perspective on the control of mitochondrial biogenesis. On one hand, fish respond in the same manner as mammals to physiological challenges such as exercise. However, the response to cold is distinct. In mammals, cold leads to hypermetabolism in an effort to thermoregulate, whereas in fish, the reduced temperature imposes a reduction in metabolic rate. The differences in the structure of PGC-1␣ probably also influence the genetic response of fish, though recent studies shed light on the extent of the parallelism with mammals. In this study, we investigated the participants in the PGC-1␣ pathway, at least those most likely to be involved in the remodeling process. Though a role of NRF-1 appears certain, based on both the transcript as well as protein levels and supports the findings of previous studies, the complexity of ligand-dependent regulation of NR makes it difficult to rule out their roles in mitochondrial regulation. This is particularly important for those NRs that show constant mRNA or nuclear protein levels. Therefore, future studies on the regulatory network of mitochondrial biogenesis in fish should expand beyond the steady-state acclimation phase and be aware that transcription factors can have important roles in the early onset of mitochondrial remodeling during cold acclimation. Along with this approach more work on the protein level has to be done to further elucidate the regulatory network of mitochondrial biogenesis in fish compared with mammals.
